Rare cases of culture-negative infective endocarditis are caused by Tropheryma whipplei, the uncommon bacterium of Whipple's disease. We evaluated an 80-year-old woman with valvular heart disease but without intestinal Whipple's disease. The diagnosis of aortic valve xenograft culture-negative infection with T. whipplei was established by multiple molecular assays and by electron microscopy. First, a PCR with broad-range primers identified the complete 16S ribosomal DNA of T. whipplei in bioprosthesis tissue. Novel real-time reverse transcription-PCR assays were developed to detect mRNAs encoding recently identified proteins determined from the T. whipplei genome, specifically Whipplei surface protein (TW113) and a DNA polymerase III subunit (TW727). The positive detection of mRNAs indicated the presence of metabolically active bacteria and suggested the viability of T. whipplei. The quantification of T. whipplei genome equivalents by real-time PCR indicated a high-density bacterial colonization of the valve tissue. Additionally, an ultrastructural examination revealed numerous rod-shaped bacteria consistent in size with T. whipplei in the extracellular collagen matrix of the bioprosthesis. We conclude that extracellular growth of T. whipplei can occur in the microenvironment of biological prosthetic valve tissue and that T. whipplei endocarditis can occur in the absence of intestinal Whipple's disease.
In 1907, George H. Whipple presented a case report of a 36-year-old man with migratory polyarthritis, diarrhea and malabsorption, weight loss, fever and lymphadenopathy (31). Whipple's disease is a rare infective systemic disorder with clinical symptoms including abdominal pain, diarrhea and malabsorption, weight loss, fever, and lymphadenopathy as well as, occasionally, symptoms including involvement of the heart and central nervous system. The disease is fatal if left untreated. Since 1961, electron microscopy studies have shown small, rod-shaped bacteria in affected tissues (3, 26) . Since 1992, the causative organism, T. whipplei, has been identified to have a phylogenetic position between the actinomycetes with group B peptidoglycan and the family Cellulomonadaceae (13), as determined by the bacterial 16S ribosomal DNA (rDNA) and the 16S-23S rRNA intergenic spacer sequence (21) .
Despite numerous attempts, T. whipplei remained uncultured for decades. Eventually, in 2000, cocultivation with a human fibroblast cell line inoculated with infected heart valve tissue allowed in vitro replication of this organism, and the first strain, Twist, was established (18) . Further strains were established from small-intestinal mucosa (19) and from cerebrospinal fluid (CSF) (14) .
The availability of T. whipplei strain TW08/27 (14) permitted the sequencing and analysis of the complete genome of 925,938 bp (1) . This revealed a lack of key biosynthetic pathways and a reduced capacity for energy metabolism. The genome sequence analysis identified a novel family of predicted Whipplei surface proteins (WiSP). The WiSP genes exhibit DNA sequence variations and hypervariation, leading to phase regulation in protein expression, and they are thought to be responsible for effective pathogenesis and immune system evasion (1) . Large regions of noncoding repetitive DNA are located in two repeat clusters (RCs) that could be involved in the generation of gene variation by conversion events.
Until now, a total of 11 cases of PCR-based diagnosis of T. whipplei endocarditis without intestinal Whipple's disease have been reported (5, 6, 8, 17, 18, 23, 24, 27) , suggesting a possible role of T. whipplei in cardiac disease which has not been considered adequately until now. However, certainty about the uncommon diagnosis in the cases reported to date has been limited to single-test PCR results which were yielded with heterogeneous PCR protocols. Herein we report the first case of T. whipplei endocarditis in the absence of intestinal Whipple's disease that is documented by more extensive molecular testing and by electron microscopy.
CASE REPORT
An 80-year-old woman was operated on in January 2001 for aortic valvular dysfunction with predominant stenosis and cardiac insufficiency. Considering her age, a porcine xenograft (Mosaic aortic bioprosthesis; Medtronic Inc., Minneapolis, Minn.) was chosen to avoid the need for anticoagulation. In October 2002, symptoms of cardiac insufficiency and findings of prosthetic valve dysfunction recurred. The patient had no fever, multiple blood cultures were negative for bacteria, and transesophageal echocardiography did not show vegetation of the prosthetic valve leaflets. Thus, there were no major Duke's criteria present to cause suspicion of infective endocarditis (12) , despite the finding of a moderately elevated c-reactive protein level of 1.8 mg/dl (reference range, Ͻ0.05 mg/dl) and a white blood count of 8.0 ϫ 10 9 leukocytes/liter. Other parameters for basic laboratory data were in the normal range, without indications of a bacterial infection. Prosthetic valvular degeneration was diagnosed by transesophageal and transthoracal echocardiography, and in November 2002, a second operation was performed. The porcine bioprosthesis was excised and replaced with another porcine xenograft (Mitroflow Synergy bioprosthesis; CarboMedics Inc., Richmond, British Columbia, Canada). Cardiac surgery and the postoperative course were uneventful. At no time did the patient have abdominal symptoms of intestinal Whipple's disease, but she reported myalgia over the last 2 months prior to the second cardiac surgery.
The preliminary diagnosis of culture-negative endocarditis prompted further examinations, as detailed below. When the diagnosis of T. whipplei endocarditis was reached, some further diagnostic tests were performed which are now common as staging examinations for patients with Whipple's disease (15, 29) . Upper endoscopy was performed, and multiple biopsies were obtained from the grossly normal distal duodenum. They were subjected to histologic examinations, which included serial sections and periodic acid-Schiff (PAS) staining (30) , and to PCR analysis by means of an established and validated PCR assay (28) . A lumbar puncture was performed to obtain CSF, without pathological results, and a PCR analysis of the CSF was performed (by means of the assay described below). Informed consent was provided by the patient. The patient was treated with ceftriaxone (intravenously) for 2 weeks and cotrimoxazole (orally) for 1 year, according to the protocol of the Study of Initial Therapy in Whipple's Disease (www.whipplesdisease.net).
MATERIALS AND METHODS
Nucleic acid isolation. Total DNAs were extracted from 30 mg of porcine valvular tissue, peripheral blood, duodenal mucosa, and CSF by use of a QIAamp DNA blood kit (Qiagen, Hilden, Germany) according to the manufacturer's protocols. DNAs were eluted from the column with 60 l of AE buffer.
Total RNAs were extracted from 50 mg of tissue by the use of Trizol reagent (Invitrogen GmbH, Karlsruhe, Germany) according to the manufacturer's instructions. Extracted RNA samples were digested with 10 U of RQ1 DNase (Promega GmbH, Mannheim, Germany)/ml for 15 min at 37°C, and clean-up of the samples was performed by use of an RNeasy mini kit (Qiagen).
Broad-range bacterial 16S rDNA. As is common for cases of culture-negative infective endocarditis, we performed a 16S rDNA broad-range PCR to detect culture-negative bacteria. DNAs were prepared from the native bioprosthetic valve and then screened for bacterial 16S rDNA. A broad-range PCR with primers B4 and B5 (11) was applied that amplifies a 511-bp fragment of the 5Ј region of the 16S rRNA gene (positions 9 to 520).
Purified PCR products were sequenced by the BigDye dideoxy extension method (ABI Prism Dye Terminator cycle sequencing ready reaction kit, v. 2.0; Applied Biosystems). The sequencing products were analyzed with an ABI Prism 310 DNA sequencer (Applied Biosystems). Partial 16S rDNA sequences were compared to entries in the GenBank and EMBL databases.
hsp65 PCR. T. whipplei-specific heat shock protein 65 gene (hsp65) primers (whipp-frw1, whipp-frw2, and whipp-rev) were used in a seminested PCR as described previously (16) . A sample from another infected heart valve from a patient with intestinal Whipple's Disease (provided from the Whipple's Disease Registry, Heidelberg, Germany [www.whipplesdisease.net]) was used as a positive control. The PCR products were directly sequenced, and the DNA sequences of the amplicons were compared to entries in the GenBank and EMBL databases.
16S rDNA and 16S-23S rDNA internal transcribed spacer analysis. Amplification of the major parts of the T. whipplei 16S rDNA (positions 22 to 1541) was performed by use of the universal bacterial primers 41f (5Ј-GCTCAGATTGA ACGCTGGCG-3Ј) and BSR1541 (5Ј-AGGAGGTGATCCAGCCGCA-3Ј). The PCR products were cloned into Escherichia coli by use of the pCR-TOPO cloning system (Invitrogen GmbH), and sequencing of different clones was performed with standard primers as described previously (32) .
Amplification and direct sequencing of the 16S-23S rDNA spacer region were performed with primers tws3-f and tws4-r as described previously (9) .
Real-time reverse transcription-PCR (RT-PCR).
New PCR primers were designed to amplify gene sequences that were recently identified within the genome of T. whipplei (1) . The oligonucleotides TW221U (5Ј-CCCCAGTCTCTTATCT TGTCT-3Ј) and TW394L (5Ј-CTGTAACCGGTGCTGTAAAT-3Ј) amplify a 192-bp fragment of TW113, which encodes a specific Whipplei surface protein (ID CAD66796.1 [1] ). Amplification of a 257-bp fragment of the noncoding degenerate repeat cluster region RC1 was done with primers TW235U (5Ј-GG CCACACTGTTAGGATTATC-3Ј) and TW476L (5Ј-GACGCCCTCTGTTTTT GTTC-3Ј). In addition, a PCR was performed with primers TW116U (5Ј-CAG AACAGCCTCCCCCGTAA-3Ј) and TW259L (5Ј-TGTCAGGAAAGCCCATT GATG-3Ј), generating a 163-bp fragment of the TW727 gene encoding the DNA polymerase III gamma and tau subunits (protein ID CAD67386.1 [1] ).
An aliquot of 5 l of the RNA was added to 15 l of a reaction mixture containing 3.0 mM Mn(OAc) 2 , a 0.4 M concentration of each primer, and 1ϫ LightCycler-RNA Master SYBR Green I (from a kit for one-step RT-PCR; Roche Diagnostics GmbH, Mannheim, Germany). Reaction capillaries were loaded, centrifuged, and placed into the carousel of a LightCycler instrument (Roche Diagnostics GmbH). The experimental RT-PCR protocol was performed under the following conditions: reverse transcription for 20 min at 60°C and denaturation for 2 min at 95°C, followed by 40 cycles of 2 s of denaturation at 95°C, 10 s of annealing at 60°C, and 12 s of extension at 72°C. Temperature transitions were set at 20°C/s. The fluorescence was sampled once per cycle in the channel F1/F2 at 80°C after the end of the extension cycle to generate amplification plots. A melting point analysis measuring the fluorescence used was performed after PCR to determine that the correct products had been amplified. The temperature was slowly raised 0.1°C/s, from 72 to 95°C, while the fluorescence emissions were continually sampled. The melting temperatures of the T. whipplei-specific PCR products were 79.5 Ϯ 1.0°C for TW113, 80.8 Ϯ 1.0°C for RC2, and 79.2 Ϯ 1.0°C for TW727.
Construction of T. whipplei-specific plasmid standard. PCR products of 357 bp flanked by primers whipp-frw2 and whipp-rev (16) were cloned into E. coli by use of the plasmid vector pCRII-TOPO, which was supplied by a TA-TOPO cloning kit (Invitrogen GmbH), according to the protocol provided by the supplier. An analysis of the recombinant plasmids was performed by extracting plasmid DNAs from small-volume cultures grown overnight at 37°C by use of a QIAprep Spin plasmid kit (Qiagen). Plasmid concentrations were determined by a fluorometric analysis with the PicoGreen DNA quantitation reagent (Molecular Probes, Leiden, Netherlands), and defined plasmid copies in the range from 2 to 2.3 ϫ 10 7 copies per PCR were used as standards in real-time PCR assays.
Quantitative PCR. PCRs for T. whipplei-specific hsp65 were carried out on a LightCycler instrument (Roche Diagnostics GmbH) in capillaries containing 15 l of reaction mix and 5 l of nucleic acid extract or plasmid standard. The reaction mixture for LightCycler PCR included the following reagents: 1ϫ LCFastStart DNA Master SYBR Green I (Roche Diagnostics), 3 mM MgCl 2 , a 500 nM concentration (each) of primers whipp-frw2 and whipp-rev (16), and 0.01 U of uracil DNA glycosidase (Roche Diagnostics)/l. The reaction conditions were 10 min at 30°C and 10 min at 95°C, followed by 40 cycles of 0 s at 95°C, 10 s at 60°C, and 15 s at 72°C. The double-stranded PCR product was measured after the 72°C elongation step by detection of the fluorescence associated with the binding of the SYBR Green dye to the DNA. The specificity of the obtained fluorescence signal was checked by a melting curve analysis after each run. This analysis was initiated at a temperature of 60°C for 30 s, and the temperature was gradually raised by 0.1°C/s up to 95°C. During this process, the fluorescence signal was continuously monitored. The melting temperature of the T. whippleispecific PCR product was 86.0 Ϯ 1.0°C.
Electron microscopy. Xenograft tissue kept frozen in sterile brain-heart solution was thawed in 3% buffered glutaraldehyde and postfixed in 1.0% osmium tetroxide. Ultrathin sections were stained with uranyl acetate and lead citrate for examination by transmission electron microscopy (Zeiss EM 902).
Nucleotide sequence accession numbers. The sequence of the hsp65 DNA has been included in the GenBank and EMBL databases under accession number AJ551322. The sequence of the 16S-23S rDNA spacer region has been included in the GenBank and EMBL databases under accession number AJ551273.
RESULTS
16S rDNA sequencing. The PCR with primers B4 and B5 yielded a 511-bp product. Automatic sequencing revealed 100% homology with T. whipplei (positions 22 to 1541; GenBank accession number AJ551273). In this screening test, no positive controls for the bacterium were used, so false-positive results by cross-contamination were precluded. In order to confirm the screening result, we further amplified major parts of 16S rRNA showing 100% homology over 1,841 nucleotides, covering the 16S rRNA of T. whipplei and its intergenic 16S-23S rRNA spacer (X99636 [13] ). This patient's T. whipplei isolate was characterized as having 16S-23S rRNA spacer type 1 (9) .
Heat shock protein Hsp65. The detection of T. whipplei DNA in prosthetic valve tissue was confirmed further by a second DNA extraction and nested PCR assays targeting the T. whipplei-specific hsp65 gene (Fig. 1) .
Quantification of T. whipplei DNA. Because of the difficulty of long-term cocultivation with human fibroblasts (14, 18) , we performed quantitative real-time PCR with T. whipplei-specific primers and an external plasmid standard. We used the singlecopy Hsp65 gene for this purpose. With DNA preparations of valve tissue, we determined that there were 1.5 ϫ 10 6 copies of the gene per PCR, which corresponds to 1.7 ϫ 10 7 copies per g of total DNA (Fig. 2 ). This suggests a high-density colonization of the valve tissue with T. whipplei.
Bacterial viability. Conventional culture methods to control the titer and viability of T. whipplei are not available so far. In order to detect viable bacteria at a molecular level, we developed a real-time RT-PCR assay using a LightCycler instrument based on SYBR Green detection and melting curve analysis. The ability to distinguish between viable and nonviable bacteria is crucial. For this purpose, we used RT-PCR assays targeting two genes, one encoding a T. whipplei-specific member of the Whipplei surface protein (WiSP) family (TW113) and one encoding a DNA polymerase III subunit (TW727) (1) . The mRNAs of these regions were detected by one-step realtime RT-PCR. In order to gain information about the viability of the bacteria, we used a third primer system to amplify a part of the repeat cluster region RC1, which is thought to not be transcribed in T. whipplei (1) . This approach was used as a control for the effectiveness of a DNase treatment of RNA samples. RT-PCR was performed on different nucleic acid preparations from valve samples. Total nucleic acids and DNA-free RNAs were isolated in parallel and were subjected to RT-PCR. For both primer sets for the TW113 and TW727 targets, T. whipplei-specific products were detectable from RNA and DNA samples (Fig. 3A and B) . RNase treatment of the RNA samples led to the loss of amplification products (data not shown). In contrast, the PCR products of the noncoding region RC1 were only amplified with DNA probes from tissue, while RNA preparations yielded no detectable PCR product. The existence of mRNA was interpreted as a hint for the viability of T. whipplei in the prosthetic valve tissue.
Electron microscopy. An ultrastructural examination revealed the presence of numerous rod-shaped bacteria within an acellular matrix of collagen fibers (which characterizes any cardiac valve bioprosthesis from cadaveric sources). The bacteria had a fairly constant diameter of 0.21 to 0.25 m and a broad electron-dense outer membrane, which identifies T. whipplei (Fig. 4) . The bacterial cytoplasm was electron-dense, indicating numerous ribosomes, which characterize vital bacteria. Taken together, the electron microscopy findings, the diverse molecular test results, the elevated level of c-reactive protein, and the normal white blood cell count led us to diagnose infective endocarditis of the aortic xenograft with T. whipplei.
Staging. The diagnosis of T. whipplei endocarditis led to some further diagnostic tests which are now common as staging examinations for patients with Whipple's disease (15, 29) . Upper endoscopy was performed, and multiple biopsies were obtained from the grossly normal distal duodenum. Histologic examinations, which included serial sections and PAS staining, did not reveal any PAS-positive macrophages (30) . PCR analysis (by means of an established and validated PCR assay) (28) was negative for DNA of T. whipplei. A lumbar puncture was performed to obtain CSF for PCR analysis. Broad-range 16S rDNA-and T. whipplei-specific hsp65 PCRs were performed. No DNA of T. whipplei was detected in the CSF. Preantibiotic   FIG. 1 . Direct detection of T. whipplei with nested hsp65 PCR in prosthetic valve tissue samples. Products of specific nested amplifications (first and second round) were analyzed in an ethidium bromide-stained agarose gel. Marker (M), pUC mix marker (pUC19 and pUC57 DNA digested with MspI, DraI, and HindIII); lanes 1 and 2, two samples of the patient's bioprosthetic heart valve (BPHV) that were positive for T. whipplei; lanes 3 and 4, water control; lane 5, sample from a patient who was positive for T. whipplei (control).
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on October 30, 2017 by guest http://jcm.asm.org/ blood and serum were subjected to T. whipplei-specific and broad-range bacterial PCR assays, but no bacteria were identified.
The patient was treated with antibiotics according to the protocol of the Study of Initial Therapy in Whipple's Disease. The patient had no complaints or clinical symptoms of Whipple's disease in 1 year of follow-up.
DISCUSSION
Infective endocarditis (IE) is a life-threatening disease which is sometimes difficult to diagnose. Blood cultures are regarded as the most important laboratory test, as they allow the identification of the etiologic agent. However, for a significant proportion (up to 40%) of patients, blood cultures remain sterile due to the presence of slow-growing, fastidious bacteria or the administration of antibiotics (2) . Nevertheless, a diagnosis of the causative agent of IE is mandatory for appropriate antimicrobial therapy. Common clinical criteria for the diagnosis of IE, such as the Duke criteria (12), do not take into account that noncultivable causative organisms may be present in patients with IE. Several molecular approaches have been assessed for detecting and identifying pathogens in a wide variety of infectious diseases. Among these, PCR has been the most widely used method in recent years and is a powerful aid to microbiological diagnosis. Various investigators have explored the ability of PCR to detect the nucleic acids of fastidious and noncultivable agents in blood and other samples, such as heart valves or xenografts, from patients with IE, especially culture-negative endocarditis (7, 10) . Among these, Mycobacteria sp., Bartonella sp., Coxsiella sp., Ehrlichia sp., and T. whipplei have been detected by broad-range bacterial PCR (2, 7) .
PCR has been widely used for the diagnosis of intestinal Whipple's disease (5) and is consistently negative when histology is negative for Whipple's disease (15) . Therefore, positive PCR results should be validated by histology. In this case, PCR tests established the diagnosis of a culture-negative bacterial endocarditis, and this molecular diagnosis was corroborated by electron microscopy.
Since the advent of PCR testing, a total of 11 cases have been reported of T. whipplei endocarditis without (overt) intestinal Whipple's disease (6, 8, 17, 18, 23, 24, 27) , including one case report of a xenograft infection with T. whipplei (5) . Notably, the majority of patients reported did not fulfill the common criteria for a diagnosis of Whipple's disease, and it has to be questioned whether a diagnosis of isolated cardiac Whipple's disease is adequate. Alternatively, these patients may be designated as suffering from T. whipplei endocarditis. The source of infection of the porcine xenograft is unknown. Therefore, further studies of T. whipplei in a porcine animal model should be conducted.
Our patient had the second reported case of cardiac valvular endocarditis due to T. whipplei which was studied by electron microscopy. As in the first case, which was reported 20 years ago (20) , numerous rod-shaped Whipple's bacteria were detected. The observation of crowds of viable bacteria within an extracellular matrix of collagen fibers is interesting, as this suggests that T. whipplei lives and grows extracellularly, but without a visible host cell. This finding is in line with previous experimental work (4) but is puzzling against the background of recent knowledge that T. whipplei has a small genome which lacks key metabolic pathways (1) .
At present, a diagnostic laboratory culture of T. whipplei is not available (14, 18, 19, 22) . Furthermore, the identification of slow-growing bacteria to the species level is far easier with molecular biological approaches. Another molecular biological approach is the quantification of bacteria with the help of quantitative PCR, especially for slow-growing bacteria such as T. whipplei, for which the usual quantification by microbiological means is very difficult to perform. In order to test the viability and metabolic activity of the T. whipplei bacteria, we evaluated a new molecular genetic RT-PCR assay. A previous in situ hybridization study discussed the use of rRNA probes to assess metabolic activity in this bacterium (4) . Although the rRNA content of bacteria is correlated with metabolic activity in fluorescence in situ hybridization analyses, this marker is unsuitable for the differentiation of dead and viable cells in RT-PCR assays using total nucleic acid preparations. The high stability of rRNA due to its protection from degradation in the ribosomal complex leads to a long half-life for the molecule (25) , and differentiation between DNA and rRNA is difficult. In the infected valve tissue, we detected mRNAs of two T. whipplei-specific genes, while the untranscribed control target RC2 was only detectable in DNA preparations from the valve tissue. These results suggest the viability of the previously diagnosed T. whipplei bacteria. So far nothing is known about the stability and half-lives of these mRNAs. We believe that these transcripts, which are needed for replication and growth, are expressed during active phases of the bacterial cell cycle. Further studies need to be performed to prove the usefulness of these markers of viability for the diagnosis of IE caused by T. whipplei.
In conclusion, our case report illustrates the potential of new molecular genetic approaches for the diagnosis of T. whipplei endocarditis. The PCR assays for quantitation and viability control of T. whipplei need to be tested in more extensive trials to elucidate the possible involvement of this bacterium in cardiac disease.
